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A new type of liquid-solid fluidized bed, named circulating conventional fluidized bed 
(CCFB) which operates below particle terminal velocity was proposed and experimentally 
studied. The hydrodynamic behavior was systematically studied in a liquid-solid CCFB of 
0.032 m I.D. and 4.5 m in height with five different types of particles. Liquid-solid 
fluidization with external particle circulation was experimentally realized below the particle 
terminal velocity. The axial distribution of local solids holdup was obtained and found to be 
fairly uniform in a wide range of liquid velocities and solids circulation rates. The average 
solids holdup is found to be significantly increased compared with conventional fluidization 
at similar conditions. The effect of particle properties and operating conditions on bed 
behavior was investigated as well. Results show that particles with higher terminal velocity 
have higher average solids holdup.  
Keywords 
Circulating conventional fluidized bed (CCFB), solids holdup, solids circulation rate, 





Summary for Lay Audience 
Liquid-solids fluidization system has great potential in applications of food processing, 
petrochemical, biochemical, and wastewater treatment processes due to its great heat and 
mass transfer and reaction performance. A new type of liquid-solid fluidized bed (LSFB) 
called circulating conventional fluidized bed (CCFB), which operates below particle terminal 
velocity but with external solids circulation was proposed. 
Circulating conventional fluidized bed (CCFB) was proposed to overcome the respective 
short-comes of conventional LSFB and circulating LSFB and combine their advantages as 
well. Conventional fluidized bed operating at low liquid velocity reduces the energy 
consumption since the required liquid velocity is lower than the particle terminal velocity. On 
the other hand, circulating fluidized bed (CFB) provides higher liquid-solids contact 
efficiency comparing to conventional fluidization. Thus, CCFB is believed to have additional 
advantages over existing liquid-solid fluidized beds (conventional and circulating), such as 
allowing continuous operation with regenerated solid particles, achieving higher solids 
holdup, and providing a better control of the average solids holdup.  
This study focuses on the hydrodynamic behaviors of CCFB operating at ambient 
temperature and pressure with five types of particles made of two different materials (glass 
and plastic). In CCFB, the axial solids holdup distribution is uniform, and the average solids 
holdup increases with increasing solids circulation rate. Overall, CCFB is believed to have 
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Chapter 1  
1 General Introduction 
1.1 Introduction 
Fluidization is a process that occurs when a fluid passes through a bed of solid particles at 
a certain velocity. During the process, the solid materials are fluidized and suspended in 
the fluid. In other words, solid particles transit from static solid-like state to dynamic 
liquid like state (Wilhelm and Kwauk, 1948). Fluidization technology has a long history, 
since the first major application of fluidized bed in coal gasification was carried forward 
by Winkler in 1920s (Jahnig et al., 1980). Then in the early 1940s, the second major 
application of fluidized bed in fluid catalytic cracking, which was also the first large-
scale commercial implementation, led fluidization to be a new research area in chemical 
engineering (Squires, 1986). Then, the fluidization technology has greatly developed and 
experienced the expansion from gas-solid fluidization to liquid-solid fluidization and 
three-phase (gas-liquid-solid) fluidization. It has been proved that fluidization technology 
possesses advantages such as high inter-phase contact efficiency, improved heat and mass 
transfer rates, ability to handle a large number of particles, and a more uniform 
temperature distribution (Wang et al., 2019). 
Conventional liquid-solid fluidization was intensively studied during the 1950s 
(Richardson and Zaki, 1954). When liquid velocity is lower than the minimum 
fluidization velocity, the bed remains in fixed bed state (Fan et al., 1963). In the 
conventional liquid-solid fluidized bed (LSFB), the fluidization of particles starts when 
the superficial liquid velocity reaches the minimum fluidization velocity when the 
upward buoyant force and drag force provided by liquid balance the weight of the solids. 
Further increasing liquid flow rate above the minimum fluidization velocity, particles in 
bed begin to move randomly and the solids suspension uniformly expand with the fluid 




In 1960s, liquid solid circulating fluidized bed (LSCFB) was proposed and is commonly 
operated at a liquid velocity that is higher than the particle terminal velocity (Zhu et al., 
2000). Under this condition, the solid particles are entrained upward with the liquid and it 
is necessary to feed the particles back into the bed at the bottom to achieve solids 
circulation. Comparing with the conventional liquid-solid fluidized beds, LSCFBs 
provides additional advantages such as reduced liquid and solids dispersion, easy to add 
or withdrawal solids into/from the fluidized beds (Liang et al., 1997).   
LSCFBs have many potential applications in the field of chemical and biochemical 
processes, wastewater treatment, food industry and pharmaceutical areas (Wang et al., 
2019). For instance, in 2000, Lan proposed the use of LSCFBs to recover proteins from 
cheese whey waste streams (Lan et al., 2000). The use of LSCFBs was then extended to 
phenol removal from wastewater and continuous enzymatic polymerization of phenol 
(Bevilaqua et al., 2002). Moreover, LSCFB has also shown to be promising in soy 
proteins recovery (Orthoefer and Liu, 1995), biological wastewater treatment (Nelson et 
al., 2017), and alkylation reaction (Liang et al., 1995).  
The solids holdup in the LSCFB is not as high as that in the conventional LSFB, thereby 
limiting reaction overall conversion for some chemical processes that requires a dense 
flow condition (Zhu et al., 2000). Recently, a new type of LSFB, called circulating 
conventional fluidized bed (CCFB) was proposed by our research group and was 
preliminarily tested by an earlier master student using two types of particles (Pan, 2020). 
A similar preliminary test was also tries in an inverse LSCFB (Nan, 2019). This type of 
fluidized bed operates below particle terminal velocity but with external solids circulation. 
CCFB takes advantages from both the conventional and the circulating fluidized beds. 
Compared to the existing liquid-solid fluidized beds, CCFB not only allows for 
continuous operation of particles, but also has a higher solids holdup at the similar 
fluidization condition (Pan, 2020; Sun and Zhu, 2021). One of the main differences 
between the CCFB and CFB is that the superficial liquid velocity in CCFB is lower than 
the particle terminal velocity.  
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For liquid-solid fluidized bed, solids holdup is an essential parameter when studying the 
hydrodynamics, as it is closely related to estimating the reactor performance, heat and 
mass transfer efficiency, and energy consumption of the fluidized bed (Zheng et al., 
1999). The distribution of the solids holdup in the liquid-solid fluidized bed is normally 
uniform. Low solids holdup usually indicates good mixing, since each solid particle has 
enough contact area with liquid. Whereas, high solids holdup provides higher total 
contact area, even though the contact efficiency of individual particle is relative lower 
compare to low solids holdup situation. According to the Pan’s preliminarily research, 
CCFB is believed to have a higher solids holdup compared to LSCFB that operates under 
the same condition, and a reduced energy consumption since the liquid velocity needed is 
below the particle terminal velocity (Pan, 2020). Thus, it is very useful to experimentally 
investigate the hydrodynamics in wider operating range with more different types of 
particles. 
 
1.2 Research Objective  
The main objective of this research is to construct a liquid-solid CCFB system that 
combines the advantages of both the conventional LSFB and the high-velocity LSCFB in 
the lab. Then, to test the CCFB under a wide range of operating conditions and 
investigate the effects of particle properties on the hydrodynamics. 
The objective in details are: 
• to experimentally test and realize the stable operation of the circulating 
conventional liquid-solid fluidize bed; 
• to study the hydrodynamics of circulating conventional liquid-solid fluidized bed 
experimentally, such as solids holdup distribution; 
• to investigate the effect of operating conditions including the solids circulation 
rate and superficial liquid velocity; 




1.3 Thesis Structure 
Chapter 1 provides a general introduction and background knowledge of fluidization 
technology especially liquid-solid fluidization, the objectives of the current research, and 
the overall thesis structure. In this chapter, the idea of conventional circulating liquid-
solid fluidized bed which can operate circulating liquid-solid fluidized bed under particle 
terminal velocity was proposed.  
Chapter 2 presents a literature review on both conventional liquid-solid fluidization and 
circulating liquid-solid fluidization and covers hydrodynamics and flow conditions of 
liquid-solid fluidization.  
Chapter 3 is an research article titled “Hydrodynamic Behavior in Liquid-Solid 
Circulating Conventional Fluidized Bed”, that reports on the results of hydrodynamics 
studies in CCFB over a wide range of operating condition and particle properties, using 
five types of particles ( of different densities, sizes and particle terminal velocities). 
Chapter 4 shows the conclusions from this study and recommendations for possible 
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Chapter 2  
2 Literature Review 
2.1 Particulate and Aggregative Fluidization 
Wilhelm and Kwauk (1948) proposed two modes of fluidization as particulate and 
aggregative fluidization based on the fluid property and the hydrodynamic behavior in the 
fluidized bed. The particulate fluidization normally refers to a more ideally homogeneous 
flow condition like the liquid-solids fluidization with a relatively more uniform flow 
structure (Kwauk et al., 2000), whereas the aggregative fluidization is characterized by 
the heterogeneous flow condition such as the gas-solids fluidization where the 
segregation of the gas bubble/voids phase and dense phase is clear (Kwauk et al., 2000). 
In general, fluidized beds use liquid as fluid are closer to the idealized fluidization, since 
the density difference between liquid and solids is relatively lower than that between the 
gas and solids. In a liquid-solids fluidized bed, solid particles are uniformly expanded in 
bed with the increases in fluid velocity (Zheng et al., 1999). The distance between solid 
particles increases uniformly as well to maintain the uniform distribution of the particles 
in the fluid. The uniform suspension of particles allows all particles to have a balanced 
opportunity to contact with the fluid, so that there are sufficient and equal opportunities 
for reaction between the fluid and the particles (Zhu and Zhang, 2001). This is very 
beneficial to both chemical reactions and physical operations, since uniform fluidization 
ensures uniform mass and heat transfers through the bed, and provides uniform fluid 
residence time. This type of idealized fluidization is called particulate fluidization 
(Wilhelm and Kwauk, 1948).  
In aggregative fluidization, gas is normally used as the fluidizing medium and the voids 
formed by bubbles that do not contain any solids while the particles tend to aggregate 
(Kwauk et al., 2000). For higher density and larger solid particles, gas form bubbles and 
quickly pass through the bed, instead of entering to the particle group to further increase 
the distance between the particles (Zhu and Zhang, 2001). For less density and smaller 
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solid particles, gas enters the particle group and uniformly expends to form particulate 
fluidization when the gas velocity just exceeds the minimum fluidization velocity. 
However, when the gas velocity increases, the gas bubbles form and the aggregative 
fluidization occurs. The corresponding gas velocity when bubbles are generated is called 
minimum bubbling velocity (Umb), while the corresponding bed voidage is called 
minimum bubbling voidage (Ԑmb) (Davidson and Harrison, 1966). There are two obvious 
phases in aggregative fluidization, one is the bubble phase or dilute phase which is 
mainly gas, and the other is the particulate phase or dense phase, which is composed of 
particles and gas between particles (Kwauk et al., 2000). When the gas velocity increases 
and is beyond the transport velocity (Utr), fast fluidization occurs, and the bed is called 
circulating fluidized bed. In the fast fluidization state, clusters or strands of particles 
move downward, while gas, containing widely dispersed particles, moves upward. 
Normally, particulate fluidization refers to liquid-solid fluidization and the aggregative 
fluidization refers to gas-solids fluidization. However, not all the liquid-solid fluidization 
is particulate fluidization, and not all the gas-solid fluidization is aggregative. The 
determining factors of particulate and aggregative fluidization are the density difference 
between fluid and solids as well as the particle size (Zheng et al., 1999). Aggregative 
fluidization occurs when the density difference between solid and fluid is high and 
particulate fluidization occurs when the density difference is relatively low. For example, 
Wilhelm and Kwauk (1948) observed the formation of large bubbles in liquid-solid 
fluidized bed using lead particles with large density differences which is typically an 
aggregative fluidization. Moreover, parvoid can also be observed in liquid-solid fluidized 
bed, which is horizontal liquid layers that moves slowly upward and contains few 
particles. Other than that, Varadi and Grace (1978) observed particulate fluidization in 
gas-solid system by adding the light powder to high pressure gases. Thus, it has been 





2.2 Flow Regimes 
Generally, the flow pattern in a liquid-solid fluidization system is identified by the liquid 
flow rate. As the liquid flow rate increases, the liquid-solid system will pass through 
several flow regimes: the fixed bed regime when liquid flow rate is lower than the 
minimum fluidization velocity, the conventional particulate fluidization regime where 
there exists a clear boundary between the bottom homogeneous dense region and the top 
freeboard region, and then the circulating fluidization regime.  
A flow regime map proposed by Liang et al. (1997) can be used to classify the various 
flow regimes in the liquid-solid fluidization system. Figure 2.1 shows the regime map 
where the liquid-solid conventional and circulating fluidization regimes are clearly 
identified in a plot of dimensionless superficial liquid velocity, Ul
*, and dimensionless 
particle diameter, dp
* (Liang et al., 1997). The equations used to calculate Ul
* and dp
* are 














3                                                 (2.2)  
As shown in Figure 2.1, the fluidized bed experiences transition from fixed bed to the 
conventional fluidized bed, then to the circulating fluidization regime, with the increase 
in the dimensionless superficial liquid velocity (Ul
*). The critical state of the bed transit 
from a fixed bed to a fluidized bed is the minimum fluidization, and the corresponding 
fluid velocity is called Umf, minimum fluidization velocity. Minimum fluidization 
velocity (Umf ) is a characteristics fluidization system parameter subject to particle size, 
shape, density, and fluid viscosity. It marks the point at which single particles are 
fluidized. After minimum fluidization, when the weight of all the particles is carried over 
by the flow of liquid, voidage increases with superficial liquid velocity, so as the bed 
expansion ratio, since more distance between particles is required to compensate for the 
increasing liquid flow to maintain a suspension (Grbavčić, et al., 2001). Therefore, as 
10 
 
superficial liquid velocity (Ul) increasing, the bed starts to expand, and particles are 
suspended by the liquid, which is called conventional fluidization.  
 
Figure 2.1 Operation regime map for liquid-solid fluidizing system (Liang et al., 
1997) 
 
In conventional fluidization regime, the bed keeps expanding with increasing superficial 
liquid velocity (Ul) until particles are entrained out of the vessel. The occurrence of 
particle entrainment represents the transition from conventional fluidization to circulating 
fluidization. The shaded area above the critical velocity line gives the range of operation 
for the circulating fluidized bed in Figure 2.1. For a given solids holdup, a higher solids 
circulating rate would require a higher liquid velocity, so that the operation of a 
circulating fluidized bed is not only dependent on the liquid velocity but also on the 
solids circulation rate (Us). With increasing solid-liquid density ratio, the system presents 
a more obvious transition (Zheng et al., 1999). In 1999, Zheng also proposed that there 
exit two zones in the circulating fluidization regime, which are the initial circulating zone 
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and the fully developed circulating zone. In initial circulating regime, solids circulation 
rate increases quickly with increasing liquid velocity, whereas solids circulation rate 
increases insignificantly with increasing liquid flow rate in fully developed zone (Zheng 
et al., 1999). Moreover, if the liquid velocity is further increased, at one point the 
operation will enter the transport/hydraulic conveying regime, where the radial flow non-
uniformity becomes insignificant. This transition velocity is defined here as Ua and is 
shown by a dotted line in Figure 2.1. 
 
2.3 Hydrodynamics in Conventional Liquid-Solid Fluidization 
2.3.1 Minimum Fluidization Velocity and Ergun Equation 
The critical state of the bed transiting from a fixed bed to a conventional fluidized bed 
onsets at the minimum fluidization velocity. After the minimum fluidization, the bed 
pressure drop almost remains unchanged with the further increase of liquid velocity. In 
fluidization state, the drag force provided by the upward-moving liquid is supposed to 
balance the weight of particles (Zheng et al., 1999). Without considering the friction 
force between the liquid, the particles and the fluidized bed wall, the bed pressure drop is 
all converted into the drag force of the fluid on solid particles, which is 
 




= 𝐻𝐴[(1 − 𝜀𝑚𝑓)𝜌𝑝𝑔 + 𝜀𝑚𝑓𝜌𝑙𝑔]/𝐴                        (2.3) 
The above equation is simplified to obtain the following general equation: 
∆𝑃 = 𝐻[(1 − 𝜀)𝜌𝑝 + 𝜀𝜌𝑙]𝑔                                         (2.4) 




The Ergun equation (Ergun, 1952), which is the expression of the pressure drop 








]𝐻                                       (2.5) 
At the minimum fluidization state, the properties of fixed bed and fluidized bed are 
satisfied at the same time. Therefore, equation (2.3) and equation (2.5) are combined to 
obtain the quadratic equation of minimum fluidization velocity which is shown in 

















                  (2.6) 
After that, in 1996, Wen and Yu found two empirical relationships for a range of particle 







3 ≈ 11                                             (2.7) 
By substituting these two empirical relationships into the above equation (2.6). The well-
known Ergun equation (2.8) can be obtained to calculate the minimum fluidization 











2 − 𝐶1                           (2.8) 
The Ergun equation above can be simplified and expressed in the form as:  
𝑅𝑒𝑚𝑓 = −𝐶1 + √𝐶1
2 + 𝐶2𝐴𝑟                                         (2.9) 









                                                        (2.11) 
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where ρp, ρl, dp, µ, and g are the particle and liquid density, particle diameter, liquid 
viscosity and gravity, respectively. Also, the values of C1 and C2 constants in equation 
(2.9) are 33.7 and 0.0408, respectively (Wen and Yu, 1996). This equation can be used 
for a full range of Reynolds number. For the situation of low Reynolds number (Re < 20), 
the viscosity loss term in the Ergun formula is dominant, and the kinetic energy loss term 
can be ignored; for the higher Reynolds number (Re > 1000), the viscosity loss term can 
be ignored, and only need to consider the kinetic energy loss term (Grace, 1982).  
 
2.3.2 Bed Expansion and General Flow Structure 
As mentioned in Section 2.1 of Chapter 2, the most fundamental characteristic of liquid-
solid particulate fluidization is the uniform expansion of the fluidized bed, the uniform 
solids distribution in the bed, and the uniform fluid residence time distribution of the 
liquid phase flowing through the bed.  
When the liquid velocity is very low, the liquid simply passes through the gap between 
the stationary particles, and the reactor is in a fixed bed state. In the state of a fixed bed, 
the height of the solid particles remains unchanged, whereas the pressure drop increases 
with the increases of superficial liquid velocity. As it is shown in Figure 2.2, the 
relationship between the pressure drop (ΔP) and the liquid velocity (Ul) is linear in the 
double logarithmic coordinate. In the fixed bed regime, the height of solid particles in the 
bed is not increasing and still maintains the original state. As long as the liquid velocity 
increases to the value of the minimum fluidization velocity, particles begin to be fluidized 
and suspended by the fluid. At this point, the pressure drop is fixed, but the bed height of 




Figure 2.2 Change of bed characteristics of liquid-solid fluidized bed with liquid 
velocity (Wilhelm and Kwauk, 1948) 
Average solids holdup is an important parameter since it reflects the number of solids 
contacting with the liquid in the fluidized bed. Figure 2.3 shows the relationship between 
the solids holdup (Ԑs) and the superficial liquid velocity (Ul) at different flow regimes in 
liquid-solid system. As the red dot line is shown in figure, the solids holdup decreases 
with the increases of the superficial liquid velocity. Also, the decrease of solids holdup 
becomes slower at high superficial liquid velocity. Using high liquid velocity, the overall 
bed density is relatively low in conventional fluidized bed compare to that of the 
circulating fluidized bed. That is because the particles entrained out from the top of riser 
is recirculated back to the bottom of riser in LSCFBs. On the other hand, increasing the 
solids circulation rate (Us) under the constant superficial liquid velocity leads to a higher 




Figure 2.3 Solids holdup vs. Superficial liquid velocity at different flow regime (Nan, 
2019) 
Wilhelm and Kwauk (1948) proposed experimental results to confirm that almost all 
liquid-solid fluidized beds operate at liquid velocity below the particle terminal velocity 
(Ut) are indeed homogeneous. As it is shown in Figure 2.4, when the superficial liquid 
velocity (Ul) is 0.9 m/s or 1.8 m/s, there is no solids circulation appears in the bed, which 
means the fluidized bed is in the conventional fluidization regime. When the liquid 
velocity (Ul) is low, there is a clear boundary between the bottom dense region and the 
top freeboard region. As liquid velocity (Ul) increasing to 2.5 m/s, the dense-dilute phase 
boundary formed. Furthermore, when liquid velocity (Ul) reaches a critical point, 
particles begin to be entrained out of the bed and circulation is established. As it shows in 
the figure below, when the superficial liquid velocity (Ul) is 3.61 m/s or 6.67 m/s, the 
fluidized system transfers from the conventional fluidization regime to circulating 
fluidization regime. Also, it can be seen that the solids holdup distribution is uniform in 
the circulating fluidization region and the dense-dilute phase boundary disappears (Zheng 
et al., 1999) Therefore, it can be concluded that the uniformity of conventional liquid-
solid fluidized bed has advantages such as uniform heat and mass transfer rate, and 




Figure 2.4 Axial liquid holdups at different height in both conventional fluidization 
regime and circulating fluidization regime (Liang et al., 1997) 
 
2.3.3 Terminal Velocity 
Particle terminal velocity (Ut) is the settling velocity of a particle in a stagnant liquid at 
steady state (Nan, 2019). The terminal velocity of a single particle is the inherent 
property of a particle, and its calculation and measurement are as important as other 
inherent particle characteristics (such as particle size and density) (Grace, 2020). 
Stokes proposed an equation for the viscous resistance to the motion of a single spherical 
particle in an infinite fluid, which is the first important theoretical study of the forces 
acting on an immersed body moving relative to a viscous fluid (Grace, 2020). Also, by 
equating the viscous drag to the effective gravitational force, the terminal falling velocity 






                                                          (2.12) 
For a free-falling spherical particle, its terminal velocity (Ut) can be obtained by formula 




                                                      (2.13) 
where dp is the diameter of particle and CD is the particle drag coefficient. The particle 












                                (2.14) 
As it is mentioned in the previous section, the liquid transition velocity from conventional 
fluidization regime to circulating fluidization regime equals the particle terminal velocity, 
Ut. When particles are entrained upward in the liquid, the force acting on the single 
particle include the downward gravitational force, the upward drag force, and the 
buoyancy force. The drag force is the main factor to accelerate the particles and it is 
dominated by the slip velocity. When the flow is fully developed and force balance is 
achieved, the slip velocity (Uslip) equals to the particle terminal velocity (Ut). Thus, when 
the liquid velocity reaches the terminal velocity, circulating fluidization occurs and 
particles are carried by liquid and entrained upward in the column.  
 
2.3.4 Richardson-Zaki Equation 
The bed voidage can be represented by the volume fraction of the liquid in the bed and is 







                                                 (2.15) 
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where ԑ is the bed voidage, VT is the volume of fluidized bed, Vs is the total volume of 
the solid particles in the bed, M is the mass of the solid particles, L is the height of the 
bed, and A is the cross-sectional area of the bed. 
When the superficial liquid velocity (Ul) reaches the terminal velocity (Ut), all particles 
are transported out of the fluidized bed, so the fluidized bed is in transport regime (Zheng 
et al., 1999). However, some particles are not entrained out, as the liquid velocity 
increases and reaches the particle terminal velocity. The reason is when the liquid 
velocity increases, the gap between particles increases as well. At this point, the drag 
force decreases and is not sufficient to support the suspension of the particles, which 
causes the fall back of particles. Many researchers believe that the ratio of the minimum 
fluidization velocity to the terminal velocity is affected by the bed voidage, so an 
empirical equation called Richardson-Zaki equation was proposed to describe the 
relationship (Zheng et al., 1999). 
Bed expansion is a key factor of liquid-solid fluidization study. Richardson-Zaki equation 
can be used to calculated bed voidage and it indicates the relationship between the bed 





𝑛                                                              (2.16) 
where Ul is superficial liquid velocity, Ut is the particle terminal velocity, ɛ is bed 
voidage, and “n” denotes an empirically determined factor. After the experiment of using 
different size of particles, the intermediate condition “n” is found to be dependent both on 
terminal Reynolds number Ret, and the particle to column diameter ratio, d/D (Richardson 
and Zaki. 1954). Thus, Richardson and Zaki calculated the n value for a different range of 
Reynolds number and is shown in Table 2.1. 
The equations used to calculate terminal Reynolds number, Ret and terminal falling 











                                                     (2.18) 
Table 2.1 Values of the parameters “n” as recommended by Richardson and Zaki 
(Epstein and Nicks, 1976) 
n=4.65+19.5d/D Ret<0.2 
n=(4.35+17.5d/D) Ret-0.03 0.2< Ret <1 
n=(4.45+18d/D) Ret-0.1 1< Ret <200 
n=4.45 Ret-0.1 200< Ret <500 
n=2.39 Ret >500 
 
The bed voidage of the liquid-solid fluidized bed can be obtained from these above 
equations, with a given superficial liquid velocity. If the total weight of the particles is 
also known at this time, the height of the fluidized bed can be obtained. With these 
parameters, and coupled with the reaction kinetics data, a mathematical model of the 
liquid-solid fluidized bed reactor can be established to calculate the reaction efficiency 
and conversion rate. 
 
2.4 Hydrodynamics in Circulating Liquid-Solid Fluidization 
2.4.1 Axial Solids Holdup Distribution 
In 1990s, the investigation results of the influence of particle properties and operating 
condition on axial solids holdup distribution in LSCFBs are proposed by researchers 
(Liang et al., 1997 and Zheng et al., 1999). As illustrated in Figure 2.5, the solids holdup 
distribution for most of the particles like glass beads is uniform through the fluidized bed 
in axial direction. However, the behavior of the large density particles is different from 
that of the light particles. For heavier particles like steel shots, when the superficial liquid 
velocity is not high enough (Ul = 26 cm/s and 28 cm/s), the distribution of particles 
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exhibits somewhat non-uniformity. With the increase of the superficial liquid velocity (Ul) 
to 35 cm/s, the solids holdup distribution also becomes uniform. Such non-uniformity 
only appears under narrow range of operating conditions and only when large density 
particles are used. Thus, it can be considered that the solids holdup distribution is uniform 
through the liquid-solid circulating fluidized beds (LSCFBs).  
 
Figure 2.5 Variation of axial solids holdup distribution with liquid velocity in the 
circulating fluidization regime for glass beads and steel shots (Zheng et al., 1999) 
According to the flow behavior of large density particles (steel shots), it can be concluded 
that large density particles lead to a more gradual transition to the circulating fluidization 
and a wider initial circulating zone with non-uniform axial solids holdup distribution. As 
it is mentioned in Section 2.1, a larger density difference between solid and fluid would 
result in a less uniform fluidization, which causes non-uniformity in conventional liquid-
solid fluidized bed. Therefore, it is not surprising to see less uniformity in flow 
distribution of the large density particles due to the aggregative behavior.  
Figure 2.6 shows the average solids holdup of glass beads particles under different 
operating condition. It can be found that, when the liquid velocity is constant, increases 
of solids circulation rate results in increasing of solid concentration in the bed. On the 
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other hand, when the solids circulation rate is fixed, increasing the liquid velocity result 
in a decrease of solids holdup. However, the decreasing range of solids holdup varies 
with the liquid velocity is different. When the liquid flow rate is low and the bed is in 
initial circulating fluidization state, the solids holdup decreases rapidly with the increase 
of the liquid velocity. Whereas, in fully developed circulation fluidization state, the 
decrease of solids holdup becomes more gradual with the increase of liquid velocity. 
 
Figure 2.6 Average solids holdup vs. liquid velocity at different solids circulation 
rate (Zheng et al., 1999) 
 
2.4.2 Radial Solids Holdup Distribution 
In the radial direction, the solids holdup distribution is not uniform, that the solid 
concentration near the wall is higher than that of the center. Then, the non-uniformity of 
solids holdup decreases with the increase of the superficial liquid velocity. This 
conclusion was reported and proved by experimental results from Zheng et al (2002). 
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According to the Figure 2.7 (b) obtained by Zheng et al (2002), the non-uniform solid 
distribution shows in radial direction, where solid concentration is relatively higher at the 
wall. Increasing liquid velocity from 10 cm/s to 15 cm/s, the solids holdup distribution in 
radial direction becomes less uniform as well. However, when liquid velocity keeps 
increasing to 28 cm/s and 42 cm/s, the radial uniformity of the solids holdup improved 
significantly. That is because the bed begins the transition from the circulating 
fluidization regime to dilute transport regime. Moreover, Figure 2.7 (a) shows the radial 
solids holdup for different solids circulation rate with the constant superficial liquid 
velocity. When the superficial liquid velocity is constant, the non-uniformity of radial 
solids holdup and the solids holdup distribution both increase with the increase of the 
solids circulation rate.  
 
Figure 2.7 Radial solids holdup (a) for different solids circulation rate (b) for 
different superficial liquid velocity (Zheng et al., 2002) 
Furthermore, Zheng et al (2002) proposed that the non-uniformity of the radial solids 
holdup distribution exists in various particle systems, and the solids distribution is 
affected by particle density. To investigate the density influence, the radial distribution of 
solids holdup or glass beads and plastic beads of similar size under the same average 
solids holdup are shown in Figure 2.8. Although parabolic profiles are observed for both 
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types of particles, the local radial particle distribution for the light plastic beads system 
appears to feature a somewhat more uniform contour under the same cross-sectional 
average solids holdup. Comparing with the glass beads system, a slightly greater average 
solids holdup in the center and a larger dilute center region are seen in the plastic beads 
system, giving a flatter parabolic profile in the lighter plastic beads system. 
 
Figure 2.8 Comparison of solids holdup distribution for glass beads and plastic 
beads under the same cross-sectional average solids holdup (0.052)(Zheng et al., 
2002) 
 
2.5 Concept of Circulating Conventional Fluidized Bed 
Conventional circulating fluidized beds (CCFBs) can be described as the liquid-solid 
circulating fluidized bed operating below the particle terminal velocity and applying 
solids circulation under the conventional fluidized bed. Bed voidage and solids holdup 
are both essential parameters when studying hydrodynamics of liquid-solid fluidized bed. 
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That is because bed voidage and solids holdup are closely related to reaction performance, 
heat and mass transfer efficiency, and energy consumption of the fluidized bed.  
Pan has preliminarily tested the operation of CCFB in our lab recently and reported some 
basic hydrodynamics in the column. In Pan’s research, the hydrodynamics of CCFBs and 
solids holdups were reported under limited operating conditions. Moreover, based on 
Pan’s experimental results, Sun used computational fluid dynamic (CFD) to conduct a 
further theoretical study and proposed the CCFB as a new flow regime. According to 
Pan’s and Sun’s research results, CCFB was illustrated to provides higher solids holdup 
compared to the conventional fluidized bed under the same superficial liquid velocity. 
The axial solids holdup distribution also becomes more uniform with the help of solids 
circulation. Under constant superficial liquid velocity, increasing the solids circulation 
rate results in a more uniform axial solids holdup (Pan, 2020). 
On the other hand, the feasibility of operating the circulating fluidized bed below particle 
terminal velocity can significantly lower the energy consumption and increase the liquid-
solid contact time in comparison with liquid-solid circulating fluidized bed. For instance, 
CCFB operates at liquid velocity below the particle terminal velocity means it needs less 
energy to convert it into kinetic energy. Particles in LSCFB accelerates faster and are 
more easily to be entrained out of the bed results in less liquid-solid contact time. Thus, 
CCFB has every feature to be considered as a distinctively new flow regime due to its 
stable operation and unique hydrodynamic characteristics (Sun and Zhu 2021). The lower 
energy consumption of conventional fluidization in conjunction with solids circulation is 
believed to have advantages over existing liquid-solid fluidized beds (Pan, 2020) 
 
2.6 Concluding Remarks 
Overall, liquid-solid fluidized beds (LSFBs) are gaining more and more attention and 
popularity because of their increasing range of potential applications. In the last few 
decades, many hydrodynamic studies have been carried on both conventional liquid 
fluidization and circulating liquid fluidization. Comparing to gas-solid fluidized bed, the 
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simplicity of flow regimes and the particulate fluidization behavior in liquid system make 
it more predictable (Nan, 2019). Conventional fluidization occurs when the superficial 
liquid velocity is below the particle terminal velocity, and the solids holdup distribution 
in conventional fluidization regime can only be controlled by superficial liquid velocity. 
On the other hand, circulating fluidization operates when the superficial liquid velocity is 
beyond the terminal velocity. As the liquid velocity is high, particles are carried by liquid 
flow, thus a net solids flux exist which is called solids circulation rate (Us). In liquid-solid 
circulating fluidization, the solids holdup is determined by both the superficial liquid 
velocity and the solids circulation rate (Liang et al., 1996). Comparing to conventional 
fluidization, liquid-solid circulating fluidization provides higher solids contact efficiency.  
Circulating conventional fluidized bed (CCFB) was proposed to combine the advantages 
of both conventional fluidized bed and circulating fluidized bed. According to previous 
studies (Pan, 2020; Sun and Zhu, 2021), low energy consumption in conventional 
fluidization in conjunction with solids circulation is believed to have additional 
advantages over existing liquid-solid fluidized beds (conventional and circulating). CCFB 
also allows continuous operation if particles need regeneration. However, since Pan’s 
research only tested one type of plastic beads. Thus, this thesis work is proposed to 
broaden the operating range and study the effect of operating conditions, such as the 
superficial liquid velocity and the solids circulation rate. More types of particles were 
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Ar  Archimedes numbers defined by 𝑑𝑝
3𝑔(𝜌𝑝 − 𝜌𝑙)𝜌𝑙/𝜇𝑙
2 
CD  Particle drag coefficient 
dp  Dimater of the particle (µm) 
dp
*  Dimensionless particle diameter  
g  Gravity acceleration (m/s2) 
Ret  Particle terminal Reynolds number 
Remf  Minimum fluidization Reynolds number 
Ua  Transition velocity demarcate the circulating fluidization regime and  
  transport regime (cm/s) 
Ul
*  Dimensionless superficial liquid velocity  
Ul  Superficial liquid velocity (cm/s) 
Umb  Minimum bubbling velocity (cm/s) 
Umf  Minimum fluidization velocity (cm/s) 
Us  Solids circulation rate (cm/s) 
Uslip  Slip velocity (cm/s) 
Ut  Particle terminal velocity (cm/s) 
Utr  Transition velocity demarcate the conventional particulate regime and  






Ԑ  Bed Voidage 
Ԑs  Solids holdup 
Ԑmb  Minimum bubbling voidage 
ρl  Liquid density (kg/m
3) 
ρp  Particle density (kg/m
3) 
µl  Liquid viscosity (mPa.s) 
 
Subscripts 
l  Liquid 
p  Particle 
s  Solids 
 
Abbreviation 
CCFB  Circulating conventional fluidized bed 
CFB  Circulating fluidized bed 
CFD   Computational fluid dynamic 
LSFB  Liquid-solid fluidized bed 
LSCFB Liquid-solid circulating fluidized bed 
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Chapter 3  
3 Hydrodynamic Behaviors in a Liquid-Solid Circulating 
Conventional Fluidized Bed 
3.1 Introduction 
Liquid-solid fluidization system has been developed and widely used in chemical, 
biochemical, food processing, environment and energy industries these days (Epstein, 
2003). Unlike the gas-solid fluidized bed (GSFB), liquid-solid fluidized bed (LSFB) 
provides a higher bed expansion and a more uniform particle distribution (Zheng et al., 
1999). In LSFB, liquid is introduced into the bed through the liquid distributor at the 
bottom, and then fluidizes the solid particles in the column. With the increase of the 
liquid velocity, the LSFB experiences the fixed bed, the conventional fluidized bed, the 
circulating fluidized bed, and the dilute transport regimes (Liang et al., 1997). Injecting 
liquid flow into a fixed bed of particles, when the liquid velocity increases to the 
minimum fluidization velocity (Umf), the fluidized bed enters the conventional 
fluidization regime. When the fluidized bed operates at a high liquid velocity beyond the 
terminal velocity, particle entrainment is very significant. A circulating fluidized bed 
regime can be operated if the entrained particles are recycled back to or new particles are 
added to the bottom of the column. The major difference between the conventional LSFB 
and LSCFB is that the drag force acted on the solid particles is greater than the net 
gravitational force of the particles in LSCFB because of higher liquid velocity (Sun and 
Zhu, 2021) 
Under the conventional fluidization condition, all the particles are suspended by the flow 
of liquid, so that the bed voidage and the bed expansion ratio both increase with the 
increase of the superficial liquid velocity. When the liquid velocity is low, there is a clear 
boundary between the bottom dense phase and the top free board zone (Zheng et al., 
1999). Whereas, when the superficial liquid is approaching to the particle terminal 
velocity, the distance between particles have reached its maximum and the solids holdup 
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is extremely low (Zheng et al., 1999). As the liquid velocity keeps increasing and goes 
beyond the particle terminal velocity, the liquid-solid fluidized bed transfers from the 
conventional fluidization regime to the circulating fluidization regime. At this condition, 
the liquid-solid circulating fluidized bed (LSCFB) can be operated provided that external 
solids circulation. Normally, a LSCFB reactor consists of a riser column and a downer 
column. The riser column operates at high liquid velocity to carry particles move 
upwards and provides high contact efficiency and high mass and heat transfer rates. The 
diameter of downer column is normally larger than that of riser column, so that particles 
and liquid transfer in a lower velocity which provides longer residence time (Lan et al., 
2002). Hence, the combination of the riser and downer columns in LSCFB system allows 
continuous operation of solids and offers potential applications in fields of food 
processing, chemical processing, wastewater treatment and etc (Wang et al., 2019). 
Generally, conventional fluidization operating at low liquid velocity usually provides 
higher solids holdup than that in circulating fluidization. High solids holdup is preferred 
in many liquid-solid reactions due to the sufficient contact area provided between the 
solids and liquid. Whereas, LSCFB has advantages in providing high liquid-solid contact 
efficiency and reducing back-mixing problem with the help of the high liquid velocity 
(Zheng et al., 1999). Therefore, a new type of liquid-solids fluidized bed, circulating 
conventional fluidized bed (CCFB), was proposed to overcome their (conventional LSFB 
and LSCFB) respective short-comes and combine their advantages (Sun and Zhu, 2021). 
CCFB can be considered as a conventional fluidized bed operating with solids circulation 
introduced, or a circulating fluidized bed operating below the particle terminal velocity. 
In conventional fluidized bed, when the liquid velocity is close but still below the particle 
terminal velocity, the bed voidage and expansion rate increase. Therefore, subject to 
sufficient initial fixed bed height, when the expanded bed height “exceeds” the height of 
the riser column at fairly high superficial liquid velocity, excess solid particles will be 
lost from the exit of the column at the top until the suspension bed height equals to the 
heigh of the column. At this condition, if particles can be fed to the bottom of the riser 
fluidized bed without changing the superficial liquid velocity, a steady bed expansion can 
be achieved, with solids circulating through. Thus, a new type of circulating fluidized bed 
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is formed operating below the particle terminal velocity by recycling the overflowing 
particles back to the column. 
In this new type of circulating conventional fluidized bed (CCFB), the particles entrained 
out from the top of riser column can be recycled from the downer column back to riser 
again. Therefore, comparing to the existing liquid-solid fluidized beds, one can conclude 
that CCFB has advantages such as allowing continuous operations if particles need 
regeneration (Lan et al., 2002), reducing energy consumption since the required liquid 
velocity is lower than particle terminal velocity, and offering high solids holdup that 
increases the contact time and efficiency between liquid and solids (Sun and Zhu, 2021). 
During fluidization, high liquid velocity means the fluidized bed takes equal amount of 
other source of energy to convert it into kinetic energy so less superficial liquid velocity 
consumes less energy. However, the systematic energy consumption of CCFB is yet to be 
studied. Although, it operates at a relatively low liquid velocity, the additional flow in the 
riser is necessary to be included in the analysis as it is still required to provide the 
pressure for solids circulation which should be taken into consideration in further 
evaluation.  
As a new type of fluidized bed, it is important to conduct systematic hydrodynamics 
studies in CCFB for better reactor design. Some preliminary studies have recently been 
reported on hydrodynamic behavior in upward (Pan, 2020) and inverse (Nan, 2019) 
CCFBs using limited types of particles. Since only limited experimental data were 
collected in CCFB, it is necessary to conduct more experiment to test the effects of 





3.2 Experimental Apparatus 
3.2.1 The Experimental CCFB system 
The experimental circulating conventional fluidized bed (CCFB) system was sketched as 
shown in Figure 3.1. The CCFB system mainly consists of a riser column (4.5 m high and 
32 mm inner diameter) where solids and liquid move upward concurrently, a downer 
column (3.4 m high and 64 mm inner diameter) where solids and liquid flow downward, 
and two connecting pipes (a solid returning pipe and a solid feeding pipe) located at the 
top and the bottom of the system for solids circulation. Two butterfly valves were 




Figure 3.1 The schematic diagram of the CCFB setup. 
The superficial liquid velocity is the summation of the liquid velocity from the primary 
stream and the auxiliary streams. As shown in Figure 3.1, a primary stream was 
introduced into the bottom of the riser through an inlet tube extending to above the solids 
feeding pipe, and a first auxiliary flow (Ua1) was introduced into the riser through a 
distributor located below the solids feeding pipe to mobilize the fed particles and push the 
particles upward to converge with the main flow. A secondary auxiliary flow (Ua2) may 
also be introduced into the bottom of the downer if particles get compacted in the downer. 
Typically, the function of the first auxiliary liquid stream is to mobilize the particles at 
the bottom of the riser and can be used to regulate the particle flowrate to the riser. If the 
auxiliary is set to zero, no solids can circulate. During the experiment, particles were 
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carried up to the top of the riser by the combined main and first auxiliary liquid flow, 
which overflows from the top of the downer and then returns to the reservoir for reuse. 
Meanwhile, the solid particles flowed into the downer, passed through the butterfly 
valves and were eventually re-introduced into the riser with the help of both auxiliary 
liquid streams.  
To measure the solids holdup distribution at different axial positions in the CCFB system, 
six pressure ports connecting to monometers were installed along the riser column for 
differential pressure drops and solids holdup estimation. All experiments were carried out 
under ambient temperature and pressure, and tap water used as the fluidizing medium. 
 
3.2.2 Particle Properties 


















525 1330 440  7.80 3.52 
PB725 Plastic 
beads 
725 1330 1160 10.70 4.21 
PB1300 Plastic 
beads 
1300 1300 6100 18.60 4.63 
GB288 Glass 
beads 
288 2400 300 7.06 6.33 
GB1320 Glass 
beads 
1320 2500 32000 32.30 20.01 
 
As summarized in Table 3.1, experiments were conducted with five types of particles 
made of two kinds of materials (glass beads and plastic beads) so that particles of similar 
37 
 
sizes but different densities, and particles of similar densities but different diameters can 
be compared. Table 3.1 shows the diameter (dp), the density (ρp), the Archimedes number 
(Ar), the dimensionless particle size(dp
*) (equation 2.1) and the particle terminal velocity 
(Ut) for each particle. With the increases of particle diameter and density, the Archimedes 
number, the dimensionless particle size and the terminal velocity of the particle increases 
as well. The testing and calculating methods for particle terminal velocities listed in 
Table 3.1 will be presented in the following section. 
 
3.3 Measurement Procedure 
Key parameters measured in this study, include average solids holdup (ԑs), solids 
circulation rate (Us), and particle terminal velocity (Ut). Their corresponding measuring 
methods were listed in Table 3.2.  
Table 3.2 Measurement methods for different parameters 
Parameters Measuring devices 
Average solids holdup (εs) Monometer (Δh) 
Solids circulation rate (Us) Butterfly valve (t) 
Particle Terminal Velocity (Ut) Dropping Test 
 
3.3.1 Particle Terminal Velocity 
In this study, the particle terminal velocity was measured by the “dropping test” and also 
compared with the calculated results as shown in Figure 3.2. Specifically, several 
particles were released into the fluidized bed from the top and fall through the stationary 
liquid. Given the long riser, the particles can be considered to have reached the 
equilibrium state in force balance and therefore a constant velocity. The time for a 
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particle free falling through the lowest 0.8m length was recorded to calculate the particle 
terminal velocity.  





                                                           (3.1) 
where CD and Archimedes number can be calculated using equation (3.2) and (3.3) 


















                                                        (3.3) 
When Ar is higher than 1.18×106dp
2, the value of CD is 0.95 (Karamanev, 1996). As 
shown in Figure 3.2, it can be confirmed that the tested particle terminal velocity is 
nearly the same as the calculated terminal velocity.  
 




3.3.2 Solids Holdup 
The local solids holdups at different axial positions obtained from pressure drops 
measured by the monometers. Six pressure ports were installed along the riser column to 
obtain the pressure readings at different positions at 84, 156, 239, 300, 361 cm up from 
the top of primary liquid stream inlet tube. Using equation (3.4), the local solids holdup at 
different height can be calculated based on the pressure drop and the density difference 




                                                              (3.4) 
where Δh is the water level difference between two monometers, and ΔH is the height 
difference between two probes. The average solids holdup is then calculated based on 
each local solids holdup that derived from the pressure drops along the riser. During the 
tests, three sets of measurements were repeated for each testing to ensure accuracy.  
 
3.3.3 Solid Circulation Rate 
In liquid-solid circulating system, solids circulation rate or superficial particle velocity, 
are commonly used to characterize the flowrate of solids in circulating fluidized bed 
(Liang et al., 1997). Solids circulation rate can be controlled by the auxiliary liquid 
stream, subject to have sufficient primary liquid flowrate. The auxiliary liquid flow is 
used to mobilize the particles at the bottom of the riser. With enough auxiliary liquid flow, 
particles at the bottom of the riser are pushed up to the main liquid distributor, and then 
carried up to the top of riser by the combined liquid flow from the primary stream and the 
auxiliary liquid stream. On the other hand, when the auxiliary flow rate is constant, solids 
circulation rate increase with the increase of superficial liquid velocity. Moreover, the 
particle inventory in the downer column affects the solids circulation rate as well, due to 
the high back pressure provided by the solids accumulated (Zheng et al., 1999). With the 
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increase of solids inventory, the solids circulation rate and solids holdup both increase in 
CCFB system. 
Solids circulation rate can be measured by the butterfly valves installed in the upper 
portion of the downer column as shown in Figure 3.1. By closing the lower butterfly 
valve, all falling particles are collected and accumulated above the closed butterfly valve 
until the upper butterfly valve is also closed, by which time the accumulated packed bed 
height between the two butterfly valves is measured. With known elapsing time, the 






                                                       (3.5) 
where Δh is the height that particles accumulated during the certain time period (Δt).  
 
3.4 Results and Discussion 
Experiments were conducted to investigate the hydrodynamics of PB525, PB725, 
PB1300, GB288, GB1320 in conventional fluidization and circulating conventional 
fluidization regimes under various operating conditions.   
3.4.1 Average Solids Holdup 
In fluidization process, solids holdup is an important parameter that determines the solid 
and liquid phase contact intensity and mass and heat transfer efficiencies. Moreover, the 
same average solids holdup but with different axial or radial solids holdup distributions 
would result in different fluidizing performance. Figure 3.3 shows the variation of the 
average solids holdup in the fluidized bed with the superficial liquid velocity for different 
types of particles under the (a) conventional fluidization regime and (b) circulating 
conventional fluidization (CCFB) regimes. In the conventional bed, it clearly presents 
that the overall solids holdup decreases with the increase of superficial liquid velocity 
and such a decreasing trend becomes more gradual at higher liquid velocity for all 
41 
 
particles. Additionally, the overall solids holdup is higher for particles that have a higher 
terminal velocity, at the same operating liquid velocity. Also, a larger difference between 
the terminal velocities of different particles result in a larger difference in the overall bed 
density.  
Figure 3.3 (b) clearly shows that the solids holdup in CCFB is higher than the 
corresponding solids holdup in the conventional bed, under the same liquid fluidization 
velocity.  Obviously, the addition of solids circulation in CCFB causes more particles 
flowing into the riser column, and thus higher solids holdup.  With higher Us, the solids 
holdup is higher.  When the particle size is decreased from PB725 to PB 525, under the 
same Us, the solids holdup decreases, become the small particles are more readily 
fluidized.  
 
Figure 3.3 Average solids holdup vs. superficial liquid velocity in (a)conventional 
fluidization regime and (b) CCFB regimes for different types of particles.  
 
3.4.2 Axial Solids Holdup 
The axial solids holdup distributions in both conventional fluidized bed and circulating 
conventional fluidized bed were obtained at several fixed superficial liquid velocities (Ul) 
and with varying solids circulation rates (Us). The results as shown in Figure 3.4 indicate 
the axial solids distributions are mostly uniform, but not completely uniform, as have 
been believed by previous researchers.  In the past, the solids holdup is almost always 
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considered to be uniform in liquid-solid conventional fluidized beds (Epstein, 2003).  
Perhaps, because of the tall column used in this study, small variations are augmented. 
As the driving force for fluidization, the superficial liquid velocity plays a dominant role 
in determining the solids holdup and solids holdup distributions in both conventional and 
circulating conventional fluidized beds. As has been briefly discussed in section 3.4.1, 
increasing the liquid velocity would cause high bed expansion and therefore lower solids 
holdups.  For each type of particles, it is clear that the average solids holdup decreases 
with the increase of the superficial liquid velocity (Ul) at a constant solids circulation rate 
(Us). The reason is that more space is needed between particles to accommodate the 
increment of liquid velocity. In other words, high liquid velocity reduces the residence 
time of particles, which leads to a significant reduction in overall bed density.  
Additionally, the axial solids distributions appear to be more uniform at higher liquid 
velocities.  
Each test for the pressure drop was repeated for 3 times and the mean was reported 
herewith. As shown in Figure 3.4 (a), the error bars of each test are small enough that 
ensures the accuracy of the measurement. Therefore, error bars are no longer shown in 
the other figures. 
The superficial particle velocity, or the solids circulation rate, also has a strong influence 
on the axial solids distribution, as shown in Figure 3.5.  First, the introduction of solids 
circulation injects a net flux of particles into the bottom of the fluidization column, which 
causes an increase of solids holdup in the immediate region, the bottom section of the 
column.  With more solids continuing flowing in, the higher solids concentration region 
further expands upward and eventually reaches the top of the fluidization column.  After 
reaching an equilibrium, the net increase in solids holdup is observed.  In other words, the 
solids holdup in CCFB is always higher than that in the Conventional LSFB operated 
under the same liquid velocity when using the same particles.  This gives an additional 
benefit to CCFB, so that it not only allows solids circulation for cases that requires solids 
“refreshment”, but also provides a higher solids presence which is often beneficial for 
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intensifies a process.  Further increase solids flux, the higher solids circulation leads to 
higher solids holdup. 
It can be found from the figures, for all the four types of particles, the axial solids holdup 
distribution is relatively more uniform in the CCFB with solids circulation than that in the 
conventional bed. Normally, the solids holdup might be higher at the bottom region of the 
riser close to the liquid distributor because of the undeveloped liquid flow in the inlet 
region. With the help of solids circulation, the solids holdup distribution becomes more 
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Figure 3.4 Axial solids holdup vs. superficial liquid velocity for (a) PB525 (Ut = 3.52 
cm/s), (b) PB725 (Ut = 4.21 cm/s), (c) GB288 (Ut = 4.63 cm/s) and (d) GB1320 (Ut = 
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Figure 3.5 Axial solids holdup vs. solid circulation rate for PB525 (Ut = 3.52 cm/s) 
under different superficial liquid velocity. 
  
Figure 3.6 Axial solids holdup distribution of PB525 and PB725 in CCFB when 
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Figure 3.6 shows the effect of particle properties on the axial solids holdup distributions 
of the two types of particles in CCFB. Under similar operating conditions, PB725 has a 
higher solids holdup than PB525 since PB525 has a lower terminal velocity (Ut) due to 
the smaller particle size. Under similar operating conditions (constant Us and Ul), 
particles with a higher terminal velocity usually results in a higher solids holdup since 
they require more energy to fluidize. When the solids circulation rate is constant, the 
axial solid holdup decreases with the increases of the superficial liquid velocity. On the 
other hand, when the superficial liquid velocity is constant, the solids holdup increases 
with the increases of solids circulation rate. 
 
3.4.3 Effect of Operating Conditions 
Overall, it can be concluded that the solids holdup distribution in liquid-solid CCFB is 
generally uniform. The effects of operating conditions and the effects of particle physical 
properties on average solids holdups and other hydrodynamic behavior in CCFB system 
are discussed below. 
 
Superficial liquid velocity 
The fluidization in liquid-solid CCFB system is primarily controlled by the liquid flow. 
Figure 3.7 shows the relationship between the overall bed density (average solids holdup 
in the column) and the superficial liquid velocity under different solids circulation rates 
for PB525, PB725, GB288, and GB1320, respectively. For each type particles, the solids 
holdup (Ԑs) decreases with the increase of the superficial liquid velocity (Ul) under a 
constant solids circulation rate (Us). As mentioned above, when liquid velocity increases, 
the bed expansion and the space between solid particles increase as well. Moreover, the 
average solids holdup in circulating conventional fluidization regime is always higher 
than that in the conventional fluidization regime. It is reasonable that CCFB provides 
higher bed density than conventional LSFB: During fluidization, there is a corresponding 
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solids holdup to balance the drag force and net gravity force exerted on the particles. If 
extra particles are kept feeding into an existing suspension, a transient higher solids 
holdup condition is created. Thus, the actual liquid velocity around particles increase, 
which lead to a higher drag force than net gravity force. The higher solids holdup 
condition cannot be maintained, as the forces are no longer balanced making the particles 
to be further dispersed resulting in more room for the liquid. Eventually, when the 
superficial liquid velocity is constant, particles are keep flowing upward with liquid, and 
the expansion bed height is keep increasing with the introduction of recycled particles.  
   
   
Figure 3.7 Solids holdup vs. superficial liquid velocity (Ul) under different solid 
circulation rate (Us) for (a) PB525 (Ut=3.52cm/s), (b)PB725 (Ut=4.21cm/s), (c) 
GB288 (Ut=4.63cm/s), and (d) GB1320 (Ut=20.01cm/s). 
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Solids Circulation Rate 
The relationship between the overall bed density and solids circulation rate (Us) under 
different superficial liquid velocity (Ul) for PB525, PB725, GB288, and GB 1320 is 
shown in Figure 3.8. All particles were operated below the particle terminal velocity, but 
the ranges of the liquid velocity for each type of particles are different. Figure 3.8 shows 
that, for each type of particles, the overall bed density increases with the increase of 
solids circulation rate under a constant liquid velocity. Since more particles are re-
introduced into the riser column, the average solids holdup increases accordingly.  
  
 
Figure 3.8 Solids holdup vs. solids circulation rate (Us) under different superficial 
liquid velocity (Ul) for (a) PB525 (Ut=3.52cm/s), (b)PB725 (Ut=4.21cm/s), (c) GB288 
(Ut=4.63cm/s), and (d) GB1320 (Ut=20.01cm/s). 
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In general, for all types of particles, the increasing trends of the overall bed density 
against Us are found to be similar to the decreasing trends for the overall bed density 
against Ul. This phenomenon indicates that the effects of the operating conditions on the 
overall bed density are independent of the particle properties. At a constant Us, the 
overall bed density decreases rapidly at first when Ul is closer to Umf and then becomes 
more gradual with Ul increasing to be closer to Ut. Similarly, a more gradual increase in 
the overall bed density is also found for the CCFB with a higher Us at a given Ul.  
Moreover, as it has been mentioned above, when particles are suspended in the upward 
flowing liquid, the forces acting on the particles include drag force, buoyancy force and 
gravity. When the liquid velocity is high and close to the particle terminal velocity, the 
drag force acts on particles is stronger. Obviously, solids particles are more easily to 
circulate and the solids holdup distribution is relatively lower when fluidization regime is 
close to circulating fluidization regime than the solids holdup when it is close to 
conventional fluidization region. 
 
3.4.4 Effect of Particle Properties 
Other than operating conditions, the properties of particles are also important parameters 
that need to be concerned. The particle properties concerned in this experiment include 
the particle density, particles size and particle terminal velocity. And the effects of 
particle properties on the hydrodynamic behavior in the CCFB were specifically 
discussed in following sections.   
 
Particle Density 
In order to investigate the effect of particle density on the solids holdup in CCFB, 
PB1320 (ρ=1300kg/m3) and GB1320 (ρ=1300kg/m3) were tested for comparison, since 
they have the same particle density but different particle diameters. Figure 3.9 shows the 
relationship between average solids holdup and liquid velocity in CCFB under fixed 
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solids circulation rate (Us=0.04cm/s and Us=0.10cm/s). It can be found that the Ul 
required to achieve the same degree of fluidization for two particles are different due to 
the density difference between particles. Large particle density results in great 
gravitational force, so the drag force needed to suspend the solid particles should be large 
enough to balance the gravitational force of particles. Thus, for heavier particles, higher 
liquid velocity is needed to achieve the same solids holdup for lighter particles. On the 
other hand, when two particles are operating under the same liquid velocity, large density 
particle (GB1320) would result in higher bed density than small density particle 
(PB1300). 
 
Figure 3.9 Average solids holdup vs. superficial liquid velocity for PB1320 and GB 
1320 under the constant solids circulation rate (Us=0.04 cm/s and 0.10 cm/s).  
 
Particle Size 
In order to investigate the effect of particle size on the solids holdup distribution in CCFB 
system, two groups of particles (PB525 and PB725, GB288 and GB1320) with the same 
density but different sizes were tested. The particle density of PB525 and PB725 are both 
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1300kg/m3, while the density of both GB288 and GB1320 are around 2500 kg/m3. 
Experiments were carried out under the constant solids circulation rate (Us), and the 
relationship between solids holdup (Ԑs) and liquid velocity (Ul) is shown in Figure 3.10 
and 3.11.  
For PB525 and PB725, the relationship between solids holdup and liquid velocity is 
investigated when Us is constant (Us=0.04cm/s and Us=0.21cm/s). It shows in Figure 3.10, 
the average solids holdup increases with the particle size under similar operating 
conditions. This is expected as the particles having the same density but larger size 
possess larger mass which makes them hard to entrain under similar superficial liquid 
velocity. Such effect is expected to be quite similar to glass beads as well. However, as it 
shows in Figure 3.11, the operating range of the superficial liquid velocity of GB1320 is 
much higher than that of GB288. It can be confirmed that, GB1320 needs higher liquid 
velocity for it to be fluidized and reach the same average solids holdup as GB288. Since 
GB1320 is too large and heavy to be fluidized under low liquid velocity, it can not be 
confirmed that solids holdup of GB1320 is going to be definitely higher than that of 
GB288 under the same operating condition.  
 
Figure 3.10 Average solids holdup vs superficial liquid velocity for PB 525 and PB 
725 when solids circulation rate is constant (Us=0.04 cm/s and 0.21 cm/s) 






























Figure 3.11 Average solids holdup vs superficial liquid velocity for GB 288 and GB 
1320 when solids circulation rate is constant (Us=0.04 cm/s, 0.08 cm/s and 0.21 cm/s) 
 
Particle Terminal Velocity 
As it has been mentioned in previous section, the particle terminal velocity is closely 
associate with the size and density of the particles. The particle terminal velocity also 
indicates the fluidization ability of a certain type of particles in one kind of the fluid, 
thereby reflecting the combined effects of both the particle properties and the liquid 
properties. The previous experiment results show that particles with higher terminal 
velocity usually tend to have a higher solids holdup than that with a lower Ut in the 
CCFB under the same operating condition, since it also needs higher liquid velocity to 
maintain the fluidization state. Figure 3.12 shows the relationship between average solids 
holdup distribution and liquid velocity for all 5 particles under same solids circulation 
rate. For plastic beads particles, it is clearly that the average solids holdup distribution for 
particles with lower particle terminal velocity is lower. Comparing glass beads to plastic 
beads, the terminal velocity of glass beads is higher than that of plastic beads, so the 
operating liquid velocity range for glass beads is not that same as that of plastic beads. It 
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can only be confirmed that, for particles with higher terminal velocity, they need higher 
liquid velocity to be fluidized and reached the same average solids holdup compared to 
lighter particles.  
 
Figure 3.12 Average solids holdup vs. superficial liquid velocity for 4 different types 
of particles with different terminal velocity under (a) Us=0.04 cm/s and (b) Us=0.12 
cm/s 
 
3.4.5 Overall Discussion 
In this section, the overall comparison of hydrodynamic behavior in CCFB will be 
discussed. Rather than compare the relationship between average solids holdup and the 
superficial liquid velocity for different types of materials, the normalized liquid velocity, 
Ul/Ut or the Ut-Ul can also be used as another scale to investigate the relationship with 
solids holdup. Using the Ul/Ut or the Ut-Ul instead of the superficial liquid velocity to 
investigate the hydrodynamic behavior in CCFB, to a certain extent, eliminate the effects 
of particle properties and operation condition.  
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Ul/Ut represents the ratio of superficial liquid velocity to particle terminal velocity in 
CCFB. Figure 3.13 shows the average solids holdup of 5 types of particles against the 
solids circulation rate at a given normalized superficial liquid velocity (Ul/Ut). It has been 
confirmed in previous section by comparing PB525, PB725, PB 1320, and GB288, the 
solids holdup is higher for particles with higher terminal velocity (Ut), since heavier 
particles need more energy to fluidized.  
However, GB1320 with the highest particle terminal velocity, shows relatively low solids 
concentration in the fluidized bed under the same normalized superficial liquid velocity. 
The possible reason could be that GB1320 is a type of large density particles and has way 
too higher terminal velocity (Ut = 20 cm/s) compared to other particles tested.    
To compare the effect of Ul directly in the same scale, the superficial liquid velocity is 
converted into normalized liquid velocity (Ul/Ut) to represent the variations of the overall 
bed density for all types of the particles together with the X-axis of the normalized liquid 
velocity ranges from 0 to 1. The average solids concentration of 4 different types of 
particles are plotted against the normalized superficial liquid velocity (Ul/Ut) in Figure 
3.14 under the same superficial solids velocity Us = 0.4 cm/s and 0.21 cm/s. During the 
experiment, the solid velocity of PB1300 could not achieve 0.21 cm/s due to its 
roughness and low sphericity. For each type of particles, the average solids holdup 
decreases with the increasing normalized superficial liquid velocity (Ul/Ut), which is in 
accordance with the observation made from Figure 3.13. This decreasing trend of the 
average solids holdup with increasing normalized superficial liquid velocity (Ul/Ut) is 
just contradictory to the results compared based on the superficial liquid velocity (Ul) 
shown in Figure 3.12. Meanwhile, at fixed solid velocity (Us), the solids holdup 
decreases with decreasing particle density or size based on the normalized superficial 
liquid velocity (Ul/Ut). In other words, under the same normalized superficial liquid 




Figure 3.13 Relationship between average solids holdup and solids circulation rate 
under fixed normalized superficial liquid velocity (Ul/Ut=0.9) 
  
Figure 3.14 Relationship between average solids holdup and Ul/Ut when Us is (a) 
0.04 cm/s and (b) 0.21 cm/s 
 
Solids Holdup vs. Ut-Ul 
The average solids holdups for the different types of particles are plotted against solids 
circulation rate in Figure 3.15 based on the (Ut-Ul). At a fixed Ut-Ul, when the solids 
circulation rate (Us) is the same, the overall bed density decreases with the decrease of 
the particle terminal velocity for each type of particle except for GB1320. Also, with the 
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increase of solids circulation rate (Us), the increase of solids concentration becomes more 
gradual. Figures 3.16 shows the average solids holdup against Ut-Ul when the solid 
velocity (Us) is fixed at 0.04 cm/s and 0.21 cm/s. It can also be found that, except 
GB1320, the average solid concentration in bed decreases with the decrease of terminal 
velocity for each type of particles. But all the five types of particles show the same trend 
that, the overall bed density increases significantly with the increase of Ut-Ul. 
  
Figure 3.15 Relationship between average solids holdup and solids circulation rate 
under constant Ut-Ul at (a) 1 cm/s and (b) 1.5 cm/s 
  
Figure 3.16 Relationship between average solids holdup and Ut-Ul when solids 
circulation rate (Us) is (a) 0.04 cm/s and (b) 0.21 cm/s 
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3.4.6 Fluidized Bed Voidage vs. Richardson-Zaki Equation 
Richardson and Zaki  (1954) proposed a correlation between the operating liquid velocity 
and the bed voidage in liquid-solid conventional fluidization, which is known as 
Richardson-Zaki equation. Over the years, it has been focused on improving the 
correlation of exponent “n” to predict a better prediction of bed voidage (Kwauk, 1963). 
Equation (3.6) and (3.7) shows the basic form of the Richardson-Zaki equation 








) = 𝑛ln (𝜀𝑙)                                                  (3.7) 
where Ul is the liquid velocity, Ut is the particle terminal velocity, Ԑl is the bed voidage or 
called liquid holdup, and “n” is the empirically determined factor.  
The exponent “n” can be determined through bed expansion experiment.  Figure 3.17 
shows the relationship between ln(Ul/Ut) and ln(Ԑl) for plastic beads particles (PB525 and 
PB725) and glass beads particles (GB288 and GB1320) in conventional fluidization. The 
linear relationship between ln(Ul/Ut) and ln(Ԑl) has been found, which validates the 
application of Richardson-Zaki equation. As shown in Figure 3.17, the exponent “n” for 
particles with larger diameter and higher terminal velocity is larger than the particles with 
smaller diameter and lower terminal velocity when they have the same density. The 
reason is that, the exponent “n” is a function of particle size to column diameter (d/D), 
and terminal Reynolds number (Ret), which is mentioned in previous section 2.3.4 




Figure 3.17 Relationship between ln(Ul/Ut) and ln(Ԑl) for (a) PB525 & PB725 and (b) 
GB288 & GB1320 in conventional fluidization 
Slip velocity is an important parameter shows the interaction between liquid and solids in 
liquid-solid circulating fluidization. In 1963, Kwauk extended the conception developed 
by Richardson and Zaki equation to characterize the liquid-solids flow and proposed the 
relationship between the bed voidage and the operating conditions for liquid-solid 
fluidization (Kwauk, 1963). The relationship between slip velocity and bed voidage in 








𝑛−1                                              (3.8) 
Equation (3.8) can be used to predict solids holdup in circulating conventional fluidized 
bed (CCFB) with solids circulation involved. Figure 3.18 shows the relationship between 
ln(Uslip/Ut) and ln(εl) of two groups of particles (plastic beads and glass beads). By 
comparing conventional fluidization and circulating conventional fluidization, it can be 
found that the circulating conventional fluidization has a higher exponent “n” in 
Richardson-Zaki equation. The slip velocity increases with the increase of solids holdup. 
Therefore, it is reasonable that the same types of particles have a larger exponent n in 
CCFB than that in conventional fluidized bed. Moreover, it has been confirmed that the 
solids holdup in CCFB is higher than that in conventional LSFB, and the particle-particle 




Figure 3.18 Relationship between ln(Uslip/Ut) and ln(Ɛs) for (a) PB525 & PB725 and 
(b) GB288 & GB1320 in conventional circulating fluidization. 
 
3.5 Conclusion 
The concept of circulating conventional fluidized bed (CCFB) is proposed, by combining 
the characteristics of the liquid-solid circulating fluidized bed (LSCFB) and the 
conventional fluidized bed. The hydrodynamic behavior in CCFB is investigated, with 
respect to solids holdups at different operating conditions, with five different types of 
particles. The axial solids holdup distribution is studied under a wide range solids 
circulation rate. It can be found that the axial solids holdup distribution becomes more 
uniform with increasing solids circulation rate. The average solids holdup increases 
significantly with the increase of solids circulation rate for all five particles. Other than 
that, the effect of particle density, particle size, particle terminal velocity, solids 
circulation rate, and superficial liquid velocity were all experimentally studied. In general, 
the solids holdup is found to increase with solids circulation rate and decrease with 
superficial liquid velocity. Also, particles with higher terminal velocity, larger density 
and size, will achieve a higher overall bed density.  
Overall, in comparison with conventional liquid solid fluidized bed, CCFB possesses 
higher solids holdup at the similar operating condition. The solids holdup is supposed be 
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higher in CCFB as well compared to the solids holdup in LSCFB. Moreover, the energy 
consumption needed in CCFB operation under terminal velocity is relatively lower than 
that needed in circulating fluidized bed. Therefore, CCFB is believed to have great 
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Ar  Archimedes numbers defined by 𝑑𝑝
3𝑔(𝜌𝑝 − 𝜌𝑙)𝜌𝑙/𝜇𝑙
2 
CD  Particle drag coefficient 
dp  Dimater of the particle (µm) 
dp
*  Dimensionless particle diameter  
Ua  Auxiliary liquid velocity (cm/s) 
Ul  Superficial liquid velocity (cm/s) 
Umf  Minimum fluidization velocity (cm/s) 
Us  Solids circulation rate (cm/s) 
Uslip  Slip velocity (cm/s) 
Ut  Particle terminal velocity (cm/s) 
 
Greek letters 
Ԑs  Solids holdup 
ρ  Density (kg/m3) 
 
Subscripts 
l  Liquid 
p  Particle 





CCFB  Circulating conventional fluidized bed 
CFB  Circulating fluidized bed 
CFD   Computational fluid dynamic 
GSFB  Gas-solid fluidized bed 
LSFB  Liquid-solid fluidized bed 
LSCFB Liquid-solid circulating fluidized bed 
GLS-CCFB Three-phases circulating conventional fluidized bed 
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Chapter 4  
4 Conclusion and Recommendation 
4.1 Conclusion 
Circulating conventional fluidized bed (CCFB) is a new type of liquid-solid fluidized bed 
operating below the particle terminal velocity but with external solids circulations. In 
order to further understand the characteristic of CCFB, the hydrodynamic behavior has 
been experimentally studied in both liquid-solid conventional fluidized bed and CCFB 
with five types of particles made of two different materials.  
The physical properties of the particles have strong influences on the hydrodynamic 
behaviors in the bed. The effect of particle sizes, densities and terminal velocities is 
experimentally studied. Under similar operating conditions, the solids holdup of particles 
with larger density and size is higher than that of lighter and smaller particles, since 
lighter and smaller particles need less energy to be fluidized. Moreover, the effect of 
operating condition is systematically studied as well. For each type of particles, the 
average solids holdup decreases with the increase of the superficial liquid velocity (Ul) at 
a constant solids circulation rate (Us). With the increase of Ul, the suspension becomes 
more dilute with the increasing bed voidage since the distance between each solid particle 
increases. When Ul is constant, the solids holdup increases with the increase of solids 
circulation rate. The addition of the solids circulation in CCFB causes more particles 
flowing into the riser column, which leads to a higher solids holdup compared to 
conventional fluidization. Moreover, the solids holdup distribution becomes more 
uniform in the CCFB with the help of solids circulation.  
In conclusion, CCFB consumes less energy compared to circulating fluidized bed, since 
the liquid velocity required is lower than the particle terminal velocity.  In comparison 
with the conventional fluidized bed, CCFB can reach higher solids holdup under similar 
operating conditions and allows for the continuous operation of particles. Moreover, 
particle-particle interaction becomes more vigorous in CCFB according to the large 
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exponent “n” calculated for CCFB than that for conventional fluidized bed in 
Richardson-Zaki equation. Overall, CCFB is believed to have great potentials in 
replacing the conventional fluidized bed and circulating fluidized bed in some key 
industrial applications.  
 
4.2 Recommendation 
In future research, heavier particles like steel shot and lighter particles with smaller 
density than liquid could also be tested. Moreover, only two-phase fluidization is 
experimentally studied currently. The gas phase can be introduced into the CCFB to 
develop a three-phase circulating conventional fluidized bed (GLS-CCFB). The accuracy 
of applying Richardson-Zaki equation in CCFB should be further studied, since only 
limited factors are considered in this studied. In general, more work is essential for a 





Appendix A Axial and Average solids holdup of each 
particles 
A.1 Solids holdup obtained by pressure gradient for plastic beads (ρp = 1330 kg/m




Ul Us H H H H Average
cm/s cm/s 156 cm 239 cm 300 cm 360 cm
1.93 0.00 0.079 0.072 0.064 0.065 0.070
1.93 0.04 0.108 0.097 0.105 0.106 0.104
1.93 0.08 0.125 0.126 0.119 0.125 0.124
1.93 0.13 0.129 0.130 0.136 0.138 0.133
2.36 0.00 0.037 0.036 0.039 0.045 0.039
2.36 0.04 0.051 0.054 0.055 0.061 0.056
2.36 0.08 0.100 0.093 0.095 0.100 0.097
2.36 0.13 0.108 0.108 0.113 0.120 0.112
2.36 0.17 0.112 0.112 0.118 0.125 0.117
2.36 0.21 0.116 0.115 0.128 0.125 0.121
2.75 0.00 0.017 0.018 0.020 0.030 0.021
2.75 0.04 0.044 0.049 0.051 0.050 0.049
2.75 0.08 0.057 0.064 0.069 0.075 0.066
2.75 0.13 0.096 0.101 0.103 0.100 0.100
2.75 0.17 0.104 0.105 0.108 0.115 0.108
2.75 0.21 0.105 0.109 0.115 0.120 0.112
2.75 0.25 0.109 0.109 0.116 0.116 0.113
3.14 0.00 0.008 0.007 0.010 0.015 0.010
3.14 0.04 0.039 0.044 0.039 0.043 0.041
3.14 0.08 0.054 0.059 0.059 0.071 0.061
3.14 0.13 0.065 0.065 0.070 0.073 0.068
3.14 0.17 0.074 0.078 0.077 0.085 0.078
3.14 0.21 0.085 0.094 0.095 0.095 0.092
3.14 0.25 0.091 0.094 0.095 0.101 0.095
3.53 0.00 0.004 0.007 0.005 0.015 0.008
3.93 0.00 0.002 0.004 0.002 0.010 0.005
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A.2 Solids holdup obtained by pressure gradient for plastic beads (ρp = 1330 kg/m
3, dp = 
725µm) 
 
Ul Us H H H H Average
cm/s cm/s 156 cm 239 cm 300 cm 360 cm
1.73 0.00 0.000 0.000 0.000 0.000 0.099
2.16 0.11 0.018 0.021 0.007 0.026 0.190
2.17 0.04 0.024 0.032 0.014 0.029 0.166
2.23 0.00 0.055 0.053 0.036 0.044 0.085
2.47 0.15 0.085 0.074 0.050 0.051 0.166
2.49 0.22 0.116 0.101 0.065 0.059 0.205
2.53 0.11 0.116 0.111 0.079 0.088 0.156
2.55 0.04 0.043 0.048 0.036 0.037 0.155
2.59 0.00 0.067 0.069 0.050 0.066 0.065
2.79 0.27 0.092 0.090 0.065 0.073 0.171
2.86 0.15 0.165 0.159 0.151 0.146 0.145
2.88 0.33 0.177 0.169 0.158 0.161 0.204
2.91 0.11 0.055 0.053 0.065 0.051 0.107
2.94 0.22 0.079 0.085 0.094 0.095 0.139
3.01 0.04 0.104 0.106 0.108 0.110 0.080
3.09 0.00 0.159 0.153 0.158 0.154 0.047
3.22 0.33 0.195 0.196 0.180 0.190 0.174
3.24 0.15 0.067 0.074 0.072 0.081 0.115
3.29 0.33 0.067 0.079 0.079 0.095 0.149
3.30 0.22 0.110 0.111 0.108 0.132 0.120
3.30 0.04 0.153 0.143 0.144 0.139 0.063
3.31 0.27 0.165 0.164 0.166 0.168 0.156
3.41 0.11 0.073 0.079 0.079 0.081 0.088
3.46 0.00 0.104 0.111 0.108 0.117 0.025
3.65 0.33 0.110 0.116 0.122 0.132 0.141
3.76 0.27 0.134 0.138 0.137 0.146 0.122
3.77 0.15 0.214 0.206 0.194 0.205 0.080
3.80 0.22 0.110 0.106 0.104 0.110 0.110
3.88 0.11 0.122 0.127 0.115 0.124 0.056
3.90 0.04 0.153 0.153 0.158 0.161 0.041
4.12 0.22 0.165 0.169 0.173 0.176 0.078
4.16 0.33 0.122 0.127 0.108 0.139 0.124
4.16 0.27 0.134 0.148 0.130 0.154 0.107
4.20 0.15 0.140 0.143 0.144 0.168 0.073
4.32 0.00 0.171 0.169 0.166 0.190 0.018
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A.3 Solids holdup obtained by pressure gradient for plastic beads (ρp = 1300 kg/m




Ul Us H H H H Average
cm/s cm/s 156 cm 239 cm 300 cm 360 cm
3.93 0.00 0.190 0.168 0.175 0.132 0.166
4.32 0.00 0.160 0.133 0.148 0.127 0.142
4.71 0.00 0.135 0.115 0.134 0.129 0.128
5.11 0.00 0.103 0.097 0.104 0.100 0.101
5.11 0.04 0.116 0.129 0.100 0.100 0.111
5.11 0.08 0.146 0.156 0.127 0.126 0.139
5.11 0.11 0.157 0.171 0.137 0.139 0.151
5.50 0.00 0.066 0.056 0.074 0.067 0.066
5.89 0.00 0.059 0.059 0.071 0.065 0.064
5.89 0.04 0.096 0.087 0.092 0.090 0.091
5.89 0.11 0.094 0.102 0.115 0.120 0.108
5.89 0.13 0.146 0.139 0.151 0.156 0.148
5.89 0.18 0.176 0.164 0.174 0.167 0.170
6.28 0.00 0.053 0.042 0.055 0.049 0.049
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A.4 Solids holdup obtained by pressure gradient for glass beads (ρp = 2400 kg/m




Ul Us H H H H Average
cm/s cm/s 156 cm 239 cm 300 cm 360 cm
2.36 0.08 0.218 0.214 0.221 0.224 0.219
2.36 0.04 0.173 0.175 0.175 0.184 0.176
2.75 0.00 0.097 0.105 0.110 0.090 0.100
2.75 0.04 0.146 0.153 0.158 0.155 0.153
2.76 0.08 0.198 0.199 0.210 0.216 0.205
2.78 0.13 0.221 0.223 0.233 0.220 0.224
3.14 0.04 0.107 0.109 0.118 0.122 0.114
3.14 0.13 0.143 0.151 0.160 0.161 0.154
3.14 0.00 0.050 0.062 0.068 0.051 0.058
3.14 0.08 0.117 0.120 0.129 0.131 0.124
3.15 0.20 0.175 0.177 0.177 0.175 0.176
3.15 0.27 0.188 0.191 0.200 0.202 0.195
3.15 0.34 0.219 0.203 0.207 0.212 0.210
3.30 0.00 0.031 0.041 0.047 0.038 0.039
3.53 0.13 0.142 0.138 0.138 0.145 0.141
3.53 0.08 0.104 0.110 0.108 0.117 0.110
3.54 0.20 0.145 0.146 0.155 0.163 0.152
3.54 0.27 0.175 0.166 0.186 0.193 0.180
3.54 0.34 0.182 0.169 0.177 0.205 0.183
3.92 0.13 0.104 0.108 0.113 0.115 0.110
3.92 0.20 0.112 0.112 0.115 0.118 0.114
3.92 0.27 0.156 0.164 0.172 0.163 0.164
3.92 0.34 0.177 0.167 0.174 0.168 0.172
3.93 0.08 0.095 0.107 0.105 0.101 0.102
3.93 0.00 0.010 0.015 0.022 0.019 0.017
4.32 0.00 0.005 0.008 0.010 0.011 0.008
4.71 0.00 0.001 0.003 0.002 0.004 0.002
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A.5 Solids holdup obtained by pressure gradient for glass beads (ρp = 2500 kg/m





Ul Us H H H H Average
cm/s cm/s 156 cm 239 cm 300 cm 360 cm
9.68 0.00 0.152 0.145 0.150 0.154 0.150
11.06 0.00 0.113 0.108 0.114 0.113 0.112
11.24 0.14 0.143 0.129 0.132 0.133 0.134
12.12 0.08 0.123 0.125 0.130 0.130 0.127
12.26 0.22 0.152 0.148 0.152 0.146 0.150
12.26 0.26 0.184 0.170 0.171 0.175 0.175
12.44 0.00 0.080 0.083 0.085 0.086 0.084
12.58 0.04 0.124 0.124 0.128 0.129 0.126
13.41 0.22 0.136 0.137 0.133 0.134 0.135
13.70 0.08 0.084 0.099 0.107 0.108 0.100
13.70 0.14 0.122 0.118 0.124 0.126 0.123
13.80 0.04 0.104 0.099 0.105 0.105 0.103
13.80 0.26 0.144 0.141 0.140 0.143 0.142
13.82 0.00 0.060 0.060 0.063 0.050 0.058
13.90 0.39 0.157 0.088 0.154 0.154 0.138
15.20 0.00 0.043 0.046 0.052 0.042 0.046
15.97 0.04 0.064 0.071 0.072 0.072 0.070
16.07 0.17 0.094 0.098 0.102 0.100 0.098
16.17 0.17 0.071 0.075 0.080 0.078 0.076
16.26 0.22 0.117 0.116 0.121 0.122 0.119
16.36 0.39 0.138 0.134 0.138 0.138 0.137
16.37 0.08 0.058 0.062 0.067 0.070 0.064
16.59 0.00 0.032 0.034 0.030 0.032 0.032
17.97 0.00 0.022 0.025 0.022 0.022 0.023
18.33 0.39 0.095 0.100 0.101 0.103 0.100
18.53 0.14 0.052 0.058 0.054 0.057 0.055
18.77 0.04 0.022 0.034 0.038 0.035 0.032
18.93 0.17 0.053 0.061 0.057 0.060 0.058
19.13 0.08 0.041 0.043 0.046 0.047 0.044
19.32 0.26 0.060 0.062 0.063 0.065 0.063
19.35 0.00 0.020 0.022 0.023 0.021 0.021
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Appendix B Analytic data of exponent n in conventional 
fluidization 
B.1 Analytic data of exponent n of PB525 in conventional fluidization 
 
B.2 Analytic data of exponent n of PB725 in conventional fluidization 
 
B.3 Analytic data of exponent n of GB288 in conventional fluidization 
 
  
Ul Ut εs ln(ul/ut) ln(εl)
cm/s cm/s
3.14 3.52 0.010 -0.114 -0.010
2.75 3.52 0.021 -0.247 -0.021
2.36 3.52 0.039 -0.402 -0.040
1.93 3.52 0.070 -0.603 -0.073
Ul Ut εs ln(ul/ut) ln(εl)
cm/s cm/s
3.46 4.21 0.025 -0.197 -0.025
3.09 4.21 0.047 -0.308 -0.048
2.59 4.21 0.065 -0.485 -0.068
2.23 4.21 0.085 -0.636 -0.089
1.73 4.21 0.099 -0.890 -0.104
Ul Ut εs ln(ul/ut) ln(εl)
cm/s cm/s
4.32 4.63 0.012 -0.069 -0.012
3.93 4.63 0.023 -0.164 -0.023
3.30 4.63 0.055 -0.339 -0.056
3.14 4.63 0.081 -0.388 -0.084
2.75 4.63 0.140 -0.521 -0.151
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B.4 Analytic data of exponent n of GB1320 in conventional fluidization 
 
 
Appendix C Analytic data of exponent n in circulating 
conventional fluidization 
C.1 Analytic data of exponent n of PB525 in circulating conventional fluidization 
 
  
Ul Ut εs ln(ul/ut) ln(εl)
cm/s cm/s
19.35 20.01 0.021 -0.034 -0.022
17.97 20.01 0.023 -0.108 -0.023
16.59 20.01 0.032 -0.187 -0.033
15.20 20.01 0.046 -0.275 -0.047
13.82 20.01 0.058 -0.370 -0.060
12.44 20.01 0.084 -0.475 -0.087
11.06 20.01 0.112 -0.593 -0.119
9.68 20.01 0.150 -0.726 -0.163
Ul Ut εs ln(Uslip/Ut) ln(εl)
cm/s cm/s
1.93 3.52 0.093 -2.183 -0.097
1.93 3.52 0.111 -2.264 -0.118
1.93 3.52 0.122 -2.583 -0.130
2.36 3.52 0.053 -1.950 -0.054
2.36 3.52 0.084 -2.030 -0.088
2.36 3.52 0.105 -2.285 -0.111
2.75 3.52 0.049 -1.802 -0.050
2.75 3.52 0.066 -1.944 -0.068
2.75 3.52 0.100 -2.113 -0.105
2.75 3.52 0.108 -2.150 -0.114
2.75 3.52 0.112 -2.461 -0.119
3.14 3.52 0.041 -1.844 -0.042
3.14 3.52 0.061 -1.840 -0.063
3.14 3.52 0.068 -2.063 -0.071
3.14 3.52 0.092 -2.480 -0.097
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C.2 Analytic data of exponent n of PB725 in circulating conventional fluidization 
 
  
Ul Ut εs ln(Uslip/Ut) ln(εl)
cm/s cm/s
2.10 4.21 0.107 -2.169 -0.114
2.10 4.21 0.114 -2.194 -0.122
2.50 4.21 0.086 -2.002 -0.090
2.90 4.21 0.078 -1.913 -0.081
2.90 4.21 0.107 -2.154 -0.113
3.20 4.21 0.054 -1.821 -0.056
3.20 4.21 0.080 -1.851 -0.083
3.20 4.21 0.115 -2.166 -0.122
3.20 4.21 0.120 -2.440 -0.128
3.20 4.21 0.149 -2.615 -0.161
3.40 4.21 0.063 -1.838 -0.065
3.40 4.21 0.088 -2.054 -0.092
3.40 4.21 0.141 -2.576 -0.152
3.80 4.21 0.110 -2.221 -0.117
3.80 4.21 0.122 -2.244 -0.131
4.10 4.21 0.077 -1.834 -0.080
4.10 4.21 0.107 -2.240 -0.113
4.10 4.21 0.124 -2.366 -0.132
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Ul Ut εs ln(Uslip/Ut) ln(εl)
cm/s cm/s
2.40 4.63 0.176 -2.264 -0.194
2.40 4.63 0.219 -2.309 -0.248
2.80 4.63 0.153 -2.111 -0.166
2.80 4.63 0.205 -2.195 -0.230
2.80 4.63 0.224 -2.209 -0.254
3.14 4.63 0.114 -2.014 -0.121
3.14 4.63 0.124 -2.087 -0.133
3.14 4.63 0.154 -2.172 -0.167
3.14 4.63 0.176 -2.290 -0.193
3.14 4.63 0.195 -2.348 -0.217
3.14 4.63 0.210 -2.420 -0.236
3.50 4.63 0.110 -2.070 -0.116
3.50 4.63 0.141 -2.062 -0.152
3.50 4.63 0.152 -2.255 -0.165
3.50 4.63 0.180 -2.231 -0.199
3.50 4.63 0.183 -2.436 -0.202
3.90 4.63 0.102 -1.912 -0.107
3.90 4.63 0.110 -2.024 -0.117
3.90 4.63 0.114 -2.132 -0.121
3.90 4.63 0.164 -2.143 -0.179
3.90 4.63 0.172 -2.217 -0.188
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C.4 Analytic data of exponent n of GB1320 in circulating conventional fluidization 
 
  
Ul Ut εs ln(Uslip/Ut) ln(εl)
cm/s cm/s
12.20 20.01 0.126 -3.512 -0.135
12.20 20.01 0.127 -3.537 -0.136
12.20 20.01 0.134 -3.566 -0.144
12.20 20.01 0.150 -3.603 -0.162
12.20 20.01 0.175 -3.593 -0.192
13.70 20.01 0.103 -3.399 -0.109
13.70 20.01 0.100 -3.430 -0.105
13.70 20.01 0.123 -3.448 -0.131
13.70 20.01 0.135 -3.482 -0.145
13.70 20.01 0.142 -3.505 -0.153
13.70 20.01 0.138 -3.547 -0.149
16.20 20.01 0.070 -3.236 -0.072
16.20 20.01 0.064 -3.283 -0.067
16.20 20.01 0.076 -3.335 -0.079
16.20 20.01 0.098 -3.319 -0.104
16.20 20.01 0.119 -3.315 -0.127
16.20 20.01 0.137 -3.375 -0.147
19.00 20.01 0.032 -3.105 -0.033
19.00 20.01 0.044 -3.137 -0.045
19.00 20.01 0.055 -3.186 -0.057
19.00 20.01 0.058 -3.208 -0.059
19.00 20.01 0.063 -3.273 -0.065
19.00 20.01 0.100 -3.285 -0.105
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Appendix D An example of error bars for solids holdup 
distribution measurement 
D.1 An example of error bars for solids holdup distribution measurement 
In order to ensure the accuracy of solids holdup measurement during experiments, 
preliminary measurements and statistical error analysis were taken for different solids 
circulation rate (Us=0 cm/s) and superficial liquid velocity (Ul = 3.5 cm/s; Ul = 3.1 cm/s; 
Ul = 2.8 cm/s; Ul = 2.4 cm/s; Ul = 2.0 cm/s.) For each condition, 3 measurements were 
taken for every one of 5 axial positions. This figure shows an example of error bars for 
solids holdup measurement.  
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